INTRODUCTION
Carotenoids are strong antioxidants that not only quench singlet oxygen but also inhibit lipid peroxidation 1 6 . It is known that carotenoids act against singlet oxygen through both physical quenching and a chemical reaction 1 . Yamauchi et al. 1998 reported that β-carotene reacts with singlet oxygen, leading to the formation of β-carotene 5,8-endoperoxide and β-carotene 5,6-epoxide, during chlorophyllsensitized photo-oxidation of methyl linolate 7 . In addition, Martin et al. 1999 reported that a series of apo-β-carotenals, apo-β-carotenone, and β-carotene 5,8-endoperoxide were formed during the reaction of β-carotene with a rose Bengal-sensitized singlet oxygen oxidation system 8 . Furthermore, Fiedor et al. 2005 reported that β-carotene formed cyclic monoendoperoxides and diendoperoxides during chemical quenching of singlet oxygen generated in a bacteriopheophytin-sensitized system 9 .
Moreover, Mordi et al. 1995 found that auto-oxidation of β-carotene and β-apo-8 -carotenal yielded epoxides, dihydrofurans, methylketones, aldehydes, carboxylic acids, carbon dioxide, and oligomeric material 10 .
Zeaxanthin, a dihydroxy derivative of β-carotene, distributes in vegetables and fruits and they show scavenging effect of singlet oxygen 6 . In addition, it was reported that meso-zeaxanthin, which is a metabolites of lutein in human retina, acts as scavenger of superoxide anion radical O 2 , and hydroxyl radical OH and also inhibits lipid peroxida-tion and nitric oxide radical 11 . Furthermore, TrevithickSutton et al. reported that the retinal carotenoids, zeaxanthin and lutein, scavenge superoxide anion and hydroxyl radicals and that carotenoids might trap these radicals by bonding with their double bonds 12 . However, it has been unknown in the details of reaction mechanism and reaction products of zeaxanthin with these oxygen radicals. Recently, we investigated the reaction of astaxanthin with various reactive oxygen species ROS , including singlet oxygen 1 O 2 , superoxide anion radical O 2 , and hydroxyl radical OH , by using LC/PDA ESI-MS and ESR spectrometry 13 . We found that astaxanthin formed endoperoxides after reacting with 1 O 2 , while it formed epoxides after reacting with O 2 and OH 13 .
In order to clarify the chemical reactions involved in scavenging of ROS by carotenoids, we used LC/PDA ESI-MS and ESR spectrometry to investigate the reaction products obtained when β-carotene or zeaxanthin was reacted with 1 O 2 , O 2 , and OH. The present report describes the reaction products obtained by reacting β-carotene or zeaxanthin with ROS and the mechanism involved.
MATERIAL AND METHODS

Apparatus
The ESR spectra were recorded at room temperature on a JEOL JES-FR30 spectrometer Tokyo, Japan . LC/MS and MS/MS analysis of carotenoids was carried out using a Waters Xevo G2S Q TOF mass spectrometer Waters Corporation, Milford, CT, USA equipped with an Acquity UPLC system.
Reagents
Hematoporphyrin, riboflavin, and hydrogen peroxide were purchased from Wako Pure Chemicals Osaka, Japan . 2,2,6,6-Tetramethyl-4-piperidone TMPD was obtained from Aldrich Milwaukee, WI, USA . 5,5-Dimethyl-1-pyrroline-N-oxide DMPO was sourced from Labotec Tokyo, Japan . β-Carotene and zeaxanthin were prepared from paprika, after which zeaxanthin diacetate was prepared from zeaxanthin by acetylation with acetic anhydride in pyridine at room temperature.
Reaction of Carotenoids with
Reactive Oxygen Species After 200 μL of 250 μM hematoporphyrin was added to 200 μL of an 11 μg/mL solution of β-carotene or 70 μg/mL solution of zeaxanthin in CH 3 CN, singlet oxygen was generated by UV-A irradiation using a Supercure-203S San-Ei Electric according to the method described previously 13 .
Reaction products were analyzed by LC/PDA-ESI-MS at regular intervals during exposure to UV-A irradiation. In a similar manner, superoxide anion and hydroxyl radical were generated by adding 200 μL of 25 μM riboflavin or 200 μL of 8 mM hydrogen peroxide H 2 O 2 solution to the reaction system, respectively. The structures of the carotenoids are shown in Fig. 1 .
ESR spin-trap analysis
ESR spectra were recorded at room temperature on a JEOL JES-FR30 spectrometer Tokyo, Japan using an aqueous quartz flat cell Labotec, Tokyo, Japan . TMPD was employed as the singlet oxygen trapping agent, while DMPO was used to trap superoxide anion and hydroxyl radical. After both 100 μL of 250 μM hematoporphyrin and 10 μL of 500 mM TMPD were added to 100 μL of either a 14 nmol/mL β-carotene or zeaxanthin solution in CH 3 CN, singlet oxygen 1 O 2 was generated by UV-A irradiation using a Supercure-203S San-Ei Electric . In a similar manner, superoxide anion radical O 2 and hydroxyl radical OH were generated by adding 100 μL of 25 μM ri- boflavin and 10 μL of 250 mM DMPO to 100 μL of a 14 nmol/mL carotenoid solution in CH 3 CN or by adding 100 μL of 8 mM hydrogen peroxide H 2 O 2 solution and 10 μL of 250 mM DMPO to the same carotenoid solution. Measurement of ESR spectra was started simultaneously with initiation of UV-A irradiation. All spin-trap ESR spectra were monitored between the third and fourth signals from the low magnetic field of the external standard Mn II doped MnO .
LC/MS and MS/MS Analysis of Reaction Products of
β-Carotene and Zeaxanthin with Reactive Oxygen Species Electro-spray ionization ESI time-of-flight TOF MS spectra were acquired by scanning from m/z 100 to 1,500 with a capillary voltage of 3.2 kV, cone voltage of 40 eV, and source temperature of 120 . Nitrogen was used as the nebulizing gas at a flow rate of 30 L/h. MS/MS spectra were measured with a quadrupole-TOF MS/MS instrument using argon as the collision gas at a collision energy of 30 V. UVVisible UV-VIS absorption spectra were recorded from 200 to 600 nm using a photodiode-array detector PDA . An Acquity 1.7 μm BEH UPLC C18 column Waters Corporation was used for HPLC and the mobile phase was 90 MeOH at a flow rate of 0.2 mL/min. Didehydrozeaxanthin epoxide: ESI TOF MS m/z 3.1 Quenching and scavenging effects of β-carotene and zeaxanthin on singlet oxygen and hydroxyl radical Figure 2 shows the quenching and scavenging effects of β-carotene and zeaxanthin on singlet oxygen A and hydroxyl radical B . Astaxanthin and astaxanthin diacetate were used as the positive controls, and the order of quenching activity for singlet oxygen was astaxanthin diacetate astaxanthin β-carotene zeaxanthin. It has been reported that the singlet oxygen quenching activity of carotenoids depends on the number of conjugated polyenes, the structure of the polyene chains, and the functional groups especially conjugated carbonyl groups 4, 6 .
The results of the present study are generally consistent with this hypothesis, except for the data obtained with zeaxanthin. There have been many reports that zeaxanthin quenches singlet oxygen. Zeaxanthin has been reported to have the same chromophore system as that of β-carotene and to show similar singlet oxygen quenching activity to β-carotene 4, 6, 14 . However, the present investigation showed that the ESR signal intensity of singlet oxygen was stronger with zeaxanthin 116 compared to the control group, indicating that zeaxanthin had pro-oxidant activity under our experimental conditions. The reason for this result is uncertain. It has been reported that the stability of carotenoids and their affinity for solvents influence singlet oxygen quenching activity 4, 6 . For example, Shimidzu et al.
reported that physical quenching activity of zeaxanthin against singlet oxygen was about 15 times increased in CDCl 3 solution than in CDCl 3 /CD 3 OD 2:1 solution 6 . Therefore, it is possible that our experimental system was not On the other hand, zeaxanthin showed strong scavenging activity for the hydroxyl radical, which was higher than that of astaxanthin and astaxanthin acetate, while the scavenging activity of β-carotene for the hydroxyl radical was similar to that of astaxanthin or astaxanthin acetate. and hydroxyl radical OH were respectively generated by subjecting hematoporphyrin, riboflavin, and hydrogen peroxide H 2 O 2 to UV-A irradiation 13 . Then a β-carotene or zeaxanthin solution in acetonitrile was added to these ROS-generating systems and reaction products were analyzed by LC/PDA ESI-MS at regular intervals during UV-A irradiation 13 . Various reaction products formed by β-carotene or zeaxanthin reacting with singlet oxygen 1 O 2 , superoxide anion radical O 2 , and hydroxyl radical OH were identified in the present study, and the structures of these reaction products are shown in Fig. 1 . Figure 3 shows HPLC chromatograms of the reaction products obtained by reaction of β-carotene with singlet oxygen. After 3 min of UV-A irradiation, β-carotene 5,8-endoperoxide was the major reaction product identified Fig.  3 . Peak 1 had the molecular formula of C 40 H 56 O 2 , indicating that two oxygen atoms were attached to β-carotene. The UV-Vis spectra showed absorption maxima at 400, 425, and 449 nm, consistent with the loss of two conjugated double bonds a double bond of the end group at C-5 to C-6 and a double bond in the polyene chain at C-7 to C-8 from the 11 conjugated double bonds of β-carotene 15 . These spectral data corresponded with those for β-carotene 5,8-endoperoxide 7, 8 . Peak 2 had the same molecular formula as that of Peak 1, so it was also identified as β-carotene endoperoxide. This peak showed absorption maxima at 375, 404, and 429 nm, which were about 20 nm shorter than the absorption maxima of β-carotene 5,8-endoperoxide from Peak 1. Based on the spectral data, it was postulated that Peak 2 represents β-carotene 9,10-endoperoxide. Peak 3 had a molecular formula of C 44 H 56 O and absorption maxima at 420 , 446, and 474 nm. These spectral data were identical with those of β-carotene 5,6-epoxide 15 .
Reaction of
After 10 min of UV-A irradiation, several oxidative degradation products of β-carotenes were detected with absorption maxima below 400 nm. The molecular formulae of the individual peaks could not be determined, but these were assumed to be apo-β-carotenes 8 10 . Subsequently, there was a marked decrease of β-carotene and its oxidation products, and the reaction solution was bleached. When β-carotene was reacted with the hydroxyl radical, reaction products showed a time-dependent increase after the start of exposure to UV-A irradiation and reached a maximum at 2 min Fig. 4 . After that, there was a marked decrease of β-carotene and its oxidation products, and the reaction solution was bleached. Figure 4 displays HPLC chromatograms for the reaction products obtained with 2 min of UV-A irradiation. These three compounds Peaks 1 to 3 all had the molecular formula of C 44 H 56 O, which is consistent with the formula of β-carotene epoxide. Peak 1 showed absorption maxima at 420 , 446, and 474 nm, while showed absorption maxima of Peaks 2 and 3 were located at 400, 425, and 449 nm. Therefore, Peak 1 was identified as β-carotene 5,6-epoxide 15 , while Peaks 2 and 3
were identified as β-carotene 5,8-epoxide 15 . Likewise, β-carotene 5,6-epoxide and β-carotene 5,8-epoxide were the major reaction products obtained when β-carotene was reacted with the superoxide anion radical. Zeaxanthin 5,6-endoperoxide and zeaxanthin 5,8-endoperoxide were identified as reaction products after zeaxanthin was reacted with singlet oxygen. Figure 5 shows HPLC chromatograms of the reaction products obtained when zeaxanthin was reacted with the hydroxyl radical. Peak 1 had a molecular formula of C 40 H 56 O 3 , corresponding to the molecular formula of zeaxanthin epoxide, and displayed absorption maxima at 420, 446, and 474 nm. These spectral data corresponded with those for zeaxanthin 5,6-epoxide antheraxanthin 15 . Peak 2 had a molecular formula of C 40 H 54 O 3 , consistent with the loss of two hydrogen atoms from zeaxanthin epoxide. The absorption maxima of Peak 2 were at 420 , 446, and 474 nm, which corresponded to zeaxanthin 5,6-epoxide. MS/MS precursor ion M Na showed characteristic product ions of m/z 587 M Na-H 2 O , 513 M Na-toluene , and 499 M Na-xyene . These spectral data indicated that this compound was a dehydro derivative of zeaxanthin 5,6-epoxide, i.e., a hydroxyl group in zeaxanthin 5,6-epoxide had been oxidized to a ketone. However, the position of this oxidized hydroxyl group in zeaxanthin 5,6-epoxide could not be determined from the spectral data. Therefore, the structure of this compound was tentatively postulated to be 3 -hydroxy-5,6-epoxy-β,β-carotene-3-one or 3-hydroxy-5,6-epoxy-β,β-carotene-3 -one, as shown in Fig. 1 . Thus, the hydroxyl radical oxidizes hydroxy groups in carotenoids to form ketones. On the other hand, both zeaxanthin 5,6-epoxide and zeaxanthin 5,8-epoxide were formed through reaction of zeaxanthin with superoxide anion, while only a trace amount of zeaxanthin 5,8-epoxide was formed in the reaction with hydroxyl radical. These results suggest that the reaction products of zeaxanthin depend on the oxidative activity of each ROS, which varies between hydroxyl radical and superoxide anion.
Similar results were also obtained when zeaxanthin diacetate was reacted with these ROS. That is, zeaxanthin diacetate epoxides were obtained by reaction with hydroxyl and superoxide anion radicals, while zeaxanthin diace- tate endoperoxides were produced by reaction with singlet oxygen. However, the oxidation products of zeaxanthin diacetate were more stable than those of free zeaxanthin. Therefore, it is possible that acetylation protects the oxidized hydroxyl groups of zeaxanthin from ROS and inhibits rapid degradation of this molecule 13 .
It has been reported that reaction of β-carotene with ROS leads to the formation of endoperoxides 7, 8 , epoxides 7, 8 , and several apo-carotenoids 8 10 . In the present investigation, we also found that both β-carotene and zeaxanthin formed endoperoxides after reaction with singlet oxygen. It was previously reported that carotenoids do not directly scavenge superoxide anion and hydroxyl radical 14 .
In contrast, Hama et al. recently reported that astaxanthin could scavenge the hydroxyl radical in a liposome system 16 .
Firdous et al. 11 and Trevithick-Sutton et al. 12 reported that the meso-zeaxanthin scavenges the superoxide anion and hydroxyl radicals. meso-Zeaxanthin might trap these radical by binding with its double bonds. Very recently, we found that astaxanthin could directly scavenge superoxide anion and hydroxyl radical by formation of astaxanthin epoxides. β-Carotene and zeaxanthin also formed epoxides when reacted with superoxide anion and hydroxyl radical, indicating that these antioxidants trap superoxide anion and hydroxyl radical by forming epoxides.
